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The magnetic order and the spin dynamics in the antiferromagnetic entropy-stabilized oxide
(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O (MgO-ESO) have been studied using muon spin relaxation (µSR)
and inelastic neutron scattering. We find that antiferromagnetic order develops gradually in the
sample volume as it is cooled below 140 K, becoming fully ordered around 100 K. The spin dynam-
ics show a critical slowing down in the vicinity of the transition, and the magnetic order parameter
grows continuously in the ordered state. These results indicate that the antiferromagnetic transition
is continuous but proceeds with a Gaussian distribution of ordering temperatures. The magnetic
contribution to the specific heat determined from inelastic neutron scattering likewise shows a broad
feature centered around 120 K. High-resolution inelastic neutron scattering further reveals an ini-
tially gapped spectrum at low temperature which sees an increase in a quasielastic contribution
upon heating until the ordering temperature.
INTRODUCTION
In entropy-stabilized oxides (ESOs), a large number of
cations (typically 5 or more) are combined in equimolar
proportions to form new material phases [1, 2]. ESOs
are stabilized by the large configurational entropy re-
sulting from so many cations distributed randomly and
uniformly through the crystal lattice, allowing the for-
mation of distinct phases not accessible by enthalpic con-
siderations alone. Since the first discovery of an ESO
system in 2015 [3], numerous additional ESOs have been
reported, many with outstanding mechanical, dielectric,
optical, and electrochemical properties [1, 4]. This large
class of materials therefore presents rich opportunities
for establishing the fundamental physics of entropically
stabilized systems and exploring potential technological
applications.
Until recently, the magnetic properties of ESOs had
been only minimally studied. However, the discovery of
long-range antiferromagnetic (AF) order in the rocksalt-
type material (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O (hereafter
called MgO-ESO) was a watershed moment for magnetic
studies of ESOs, as it was the first observation of long-
range magnetic order in a bulk ESO material [5, 6]. Mag-
netism is now being actively explored in other ESOs as
well, such as perovskite-type systems [7].
Through a combination of magnetometry and x-
ray/neutron diffraction, MgO-ESO has been found to
form a homogeneous fcc structure with a random
and uniform distribution of the 5 distinct divalent
cations [5, 6], with long-range AF order developing be-
low TN ∼ 113 K. This AF state is characterized by a
propagation vector of (1/2, 1/2, 1/2) and consists of fer-
romagnetic alignment within (111) planes and antiferro-
magnetic alignment between these planes, similar to the
magnetic structure of the simple binary oxides CoO and
NiO [8]. The existence of this AF state is remarkable
in light of the extreme chemical disorder in MgO-ESO,
including the presence of nonmagnetic cations Mg2+ and
Zn2+. Even the magnetic cations are quite different from
each other, with Cu2+ (d9), Ni2+ (d8), and Co2+ (d7)
having quantum spin numbers S = 1/2, 1, and 3/2, re-
spectively. The establishment of such a simple AF struc-
ture amidst such magnetic complexity is quite intriguing.
Important questions about this magnetic state remain
open. For example, the magnetic susceptibility shows a
clear kink at 113 K, yet the magnetic Bragg peak inten-
sity from neutron diffraction begins growing at 140 K,
while the specific heat shows no obvious signature of a
transition at any temperature [6]. The origin of these dis-
crepancies in temperature and detectability of the tran-
sition is not clear, although the presence of strong mag-
netic fluctuations from inelastic neutron scattering data
is thought to play a role [6]. It is also not understood
why the ordered magnetic moment determined from fits
to the neutron diffraction data is 1.4 µB, substantially
smaller than the expected average of 2 µB for fully or-
dered Cu2+, Ni2+, and Co2+ moments. This reduced
moment suggests that either the ordered volume frac-
tion does not reach 100% or that the magnetic moment
is partially quenched [6]. Finally, whether the AF tran-
sition is first-order or continuous remains unknown.
Here, we report muon spin relaxation (µSR) and in-
elastic neutron scattering (INS) measurements that ad-
dress these open questions about the AF state in MgO-
ESO. Using the sensitivity of µSR to the magnetically
ordered volume fraction, we determine that the AF order
develops gradually throughout the sample between 100
and 140 K, with the midpoint of the transition occurring
at 121.5 ± 0.5 K. Below 100 K, the AF order extends
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2through the full sample volume. The magnetic order pa-
rameter as measured by µSR rises continuously from zero
as the temperature is lowered through the transition,
and critical spin dynamics are observed in the vicinity
of the transition, demonstrating that the AF transition
is nearly continuous. The only deviation from ideal con-
tinuous behavior appears to be the coexistence of the
paramagnetic and AF phases during the finite tempera-
ture window in which the transition occurs. Therefore,
one may consider the AF transition to be continuous,
but with a distribution of Ne´el temperatures. The INS
data are used to isolate the magnetic contribution to
the specific heat, which is found to show a broad peak
centered at approximately 120 K, consistent with the
gradual transition revealed by µSR. A magnon gap of
∼7 meV is observed at low temperature and is gradually
covered by quasielastic spin relaxation scattering.
EXPERIMENTAL METHODS
The sample studied here was from the same batch
used for the x-ray diffraction, neutron scattering, mag-
netometry, and heat capacity measurements reported in
Ref. 6. The µSR studies were conducted at TRIUMF
in Vancouver, Canada using the LAMPF (Los Alamos
Meson Physics Facility) spectrometer. In a µSR exper-
iment, spin-polarized positive muons are implanted one
at a time in the sample. The spin of the muon under-
goes Larmor precession around the local magnetic field,
which is the vector sum of the internal field originat-
ing from the intrinsic magnetic moments and any ex-
ternally applied field. After a mean lifetime of 2.2 µs,
the muon decays into a positron and two neutrinos, with
the positron being emitted preferentially in the direc-
tion of the muon spin at the moment of decay. Detec-
tors near the sample position record the positron events.
The normalized difference in positron events (i.e., the
asymmetry) between a pair of detectors placed on oppo-
site sides of the sample is recorded as a function of time.
This asymmetry is proportional to the projection of the
muon spin ensemble polarization along the axis defined
by the detector pair. Analysis of the time-dependent
µSR asymmetry can be used to probe the internal mag-
netic field distribution in the sample [9]. The tempera-
ture of the sample was controlled using a helium gas flow
cryostat. Fits to the µSR spectra were performed using
the program MUSRFIT [10]. Inelastic neutron scatter-
ing data, the temperature dependence of the lattice con-
stant, and the magnetic susceptibility data from Ref. 6
were utilized to obtain thermodynamic quantities. Ad-
ditional high-resolution inelastic neutron scattering data
were collected at the BL-14B HYSPEC beamline of the
Spallation Neutron Source between 5 and 300 K on 8.8 g
of powder, the same sample as in Ref. 6. An incident
energy of 15 meV and chopper frequency of 180 Hz were
chosen, with the detector vessel positioned at -33 degree.
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FIG. 1. (a) Asymmetry spectra at representative temper-
atures above, below, and throughout the antiferromagnetic
transition. Solid black curves are fits to the data using the
model a(t) = a0 exp(−λt)β . (b) Temperature dependence of
the relaxation rate λ (blue triangles, left axis) and exponen-
tial power β (gray circles, right axis) determined from the
fits. The peak in λ is characteristic of critical spin dynamics
near a magnetic phase transition.
RESULTS
Muon Spin Relaxation
We first present the results of zero-field (ZF) µSR ex-
periments on MgO-ESO. Fig. 1(a) displays the time-
dependent asymmetry a(t) over 8 µs for several repre-
sentative temperatures. At 150 K, the initial asymme-
try at t = 0 assumes the maximum observed value of
∼0.23 and then relaxes with time due to rapid fluctu-
ations of the internal field in the paramagnetic phase.
Two changes occur as the temperature is lowered: the
initial asymmetry decreases, and the rate of the subse-
quent relaxation of the asymmetry becomes more rapid
until about 120 K, below which the relaxation becomes
slower once again. The decrease in initial asymmetry is
caused by an extremely rapid depolarization process that
appears as an instantaneous drop in asymmetry in the
time binning used for Fig. 1(a), although closer inspec-
3tion (to be shown later) reveals a continuous evolution of
the asymmetry from its starting value. This behavior is
due to the development of large and static internal fields
as the AF transition is traversed. The evolution of the
relaxation rate as the temperature is lowered is charac-
teristic of changes in the spin dynamics in the vicinity
of the AF transition.
Taking a more quantitative approach, we modeled
each asymmetry spectrum with a “stretched exponen-
tial” function given by a(t) = a0 exp(−λt)β , where a0 is
the initial asymmetry amplitude, λ is the relaxation rate,
and β is the power of the stretched exponential. In sys-
tems for which only one relaxation channel with a single
well-defined spin fluctuation rate exists, β is expected
to be 1 and the relaxation follows a simple exponential
function [11]. We found that such a model was inade-
quate to fit the observed spectra (particularly below the
transition). Likewise, models using two or more expo-
nential components were not stable and yielded fits with
marginal quality in some temperature ranges. As has
been done elsewhere [12, 13], we therefore used the phe-
nomenological stretched exponential model. This indi-
cates the presence of multiple relaxation channels and/or
spin fluctuation rates, which is not surprising, given the
various magnetic and nonmagnetic species present. The
fits using the stretched exponential model are shown as
the black curves in Fig. 1.
In Fig. 1(b), we display the temperature dependence
of the refined relaxation rate λ as blue triangles (left ver-
tical axis) and the exponential power β as gray circles
(right vertical axis). The most striking feature in the re-
laxation rate is the presence of a pronounced peak with
a maximum between 116 and 120 K. Such a peak is a
hallmark of critical spin dynamics often associated with
a continuous magnetic transition [14–16]. As the tran-
sition is approached from above, the spin fluctuations
undergo a “critical slowing down”, leading to more effi-
cient relaxation of the muon spin polarization and hence
a divergence in the relaxation rate at the transition tem-
perature. Below the transition, the relaxation is due to
magnetic excitations that flip the muon spins. With de-
creasing temperature, fewer such excitations occur and
the relaxation rate correspondingly decreases once more,
until the asymmetry spectrum is essentially flat at 2 K.
This indicates an absence of magnetic fluctuations at suf-
ficiently low temperatures. The exponential power β is
near 1 in the paramagnetic phase but decreases to ap-
proximately 0.3 - 0.6 in the AF phase. Such behavior is
not unusual for systems with significant randomness and
disorder [17].
We can also extract information about the magneti-
cally ordered volume fraction from the µSR data. Mea-
surements conducted in a weak external field directed
transverse to the initial muon spin polarization (wTF
configuration) at 230 K and 2 K are shown in Fig. 2(a).
The oscillations observed at high temperature have a fre-
quency that corresponds to the externally applied field of
∼30 G, demonstrating that the muon spins exhibit a net
rotation around this external field, while the fluctuating
internal fields result in no precession. This is character-
istic of wTF measurements in the paramagnetic phase.
On the other hand, the wTF spectrum at 2 K shows no
oscillations, indicating that all muons land in an environ-
ment in which the internal fields are significantly larger
than the external field and static on the muon time scale
(µs). Therefore, we can conclude that static magnetism
extends through 100% of the sample volume at 2 K, with
no regions of the sample remaining paramagnetic.
Returning now to the ZF µSR data, we can ob-
tain more detailed information about the temperature
evolution of the magnetically ordered volume fraction.
Fig. 2(b) displays the temperature dependence of the ZF
asymmetry amplitude a0 determined from the stretched
exponential fits. The continuous decrease in a0 as the
temperature is lowered from about 140 K to 100 K in-
dicates that static magnetic order gradually develops
throughout the sample across this temperature window.
The remaining amplitude of a0 ∼ 0.07 at low tempera-
ture reflects the “1/3 tail” expected for a magnetically
ordered polycrystalline sample, for which the internal
magnetic field at the muon site in 1/3 of the crystallites
on average will be along the initial muon spin polariza-
tion direction, thus preserving the polarization [15]. The
magnetically ordered volume fraction f can be calcu-
lated [18] from the temperature-dependent a0(T ) values
as f(T ) = [amax0 −a0(T )]/[amax0 −amin0 ], where amax0 and
amin0 are the maximum and minimum values of a0, found
at high and low temperature, respectively. The ordered
fraction determined this way is shown by the blue circles
in Fig. 2(c). f evolves smoothly between 100 and 140 K,
confirming a broad transition during which phase sepa-
ration between paramagnetic and antiferromagnetically
ordered regions occurs.
The gradual development of the AF order over a wide
temperature interval can be explained by the existence of
a distribution of TN values throughout the sample. The
curvature of f(T ) closely resembles that of the comple-
mentary error function, which would result from a Gaus-
sian distribution of ordering temperatures. Indeed, fit-
ting the complementary error function to the f(T ) data
results in the orange curve in Fig. 2(c), which describes
the data very well. The corresponding Gaussian distri-
bution is shown as the gray curve in Fig. 2(c), with a
center of T0 = 121.5± 0.5 K and a standard deviation of
7.0 ± 0.7 K (FWHM = 16.5 ± 1.6 K). This distribution
of TN is therefore the most appropriate way to refer to
the transition range of MgO-ESO, rather than just quot-
ing a single value for the ordering temperature. In con-
trast to the broad transition observed here, many other
conventional magnetic systems exhibit sharp transitions
occurring over narrower temperatures ranges, often on
the order of 1 K or less. We note that the center of the
transition in MgO-ESO, T0 = 121.5±0.5 K, corresponds
closely to the maximum of the peak in the ZF relaxation
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FIG. 2. (a) Weak transverse field (wTF) asymmetry spec-
tra at 230 K and 2 K. The large-amplitude oscillations at
high temperature indicate a fully paramagnetic state, while
the complete lack of oscillations at low temperature indicates
the presence of static magnetism extending through the en-
tire sample volume. (b) Temperature dependence of the zero-
field (ZF) asymmetry amplitude a0 determined from fits to
the spectra. (c) Antiferromagnetically ordered volume frac-
tion (blue circles, left axis) calculated from the a0 values.
The orange curve is a fit to the volume fraction data using a
complementary error function, corresponding to the Gaussian
distribution of Ne´el temperatures shown as the gray curve
(right axis).
rate.
Further insight into the nature of the AF transition
can be gained by examining the early-time portion of
the ZF asymmetry spectra. Representative spectra are
displayed in Fig. 3(a). With this finer time binning, the
continuous evolution of the asymmetry from the initial
amplitude at t = 0 is evident. Particularly notable is
the dip and partial recovery of the asymmetry, which
is most obvious for the 80 K spectrum around 0.02 µs.
This relaxation pattern is known as the Kubo-Toyabe
(KT) relaxation function and is characteristic of static
magnetic moments with significant disorder, resulting in
a broad distribution of internal field values at the muon
stopping sites [15]. The KT function is given by
GKT (t) =
1
3
+
2
3
(1−∆2t2) exp(−∆2t2/2) (1)
where ∆ is related to the width of the component-wise
static internal field distribution Bi through ∆/γµ = Bi,
with γµ = 851.6 µs
−1T−1 the muon’s gyromagnetic ra-
tio. The early-time ZF spectra (up to 0.4 µs) can be fit
adequately using a damped Kubo-Toyabe function and
a simple exponential:
a(t) = amax [fKTGKT exp(−λKT t) + (1− fKT ) exp(−λt)] ,
(2)
where amax is the maximum initial asymmetry, fKT is
the fraction of muons exhibiting KT relaxation, and λKT
and λ are the relaxation rates in the ordered state and
paramagnetic state, respectively. Fits using this model
are shown as the black curves in Fig. 3(a). At 80 K, ∆ is
approximately 70 µs−1, corresponding to a distribution
of internal fields at the muon sites with a standard devia-
tion of roughly 0.08 T. Below 80 K, the initial relaxation
and partial recovery occur too rapidly to be observed
within the time resolution of the data, preventing a pre-
cise measurement of ∆. This is evident in the 2 K spec-
trum shown in Fig. 3(a). However, extrapolating the
visible trend to zero temperature, ∆ has an estimated
value of 120-150 µs−1, equivalent to a field distribution
with a standard deviation of approximately 0.14-0.18 T.
Since the KT function is generally associated with ran-
dom spin systems such as spin glasses, such a relaxation
pattern may seem inconsistent with the reported long-
range AF order in MgO-ESO. To investigate this, we
performed dipole field calculations to simulate the field
distribution of the published long-range AF structure
at possible muon stopping sites. Following reports in
the literature for simple binary oxides [19, 20], we chose
muon stopping sites located 1 A˚ away from the oxygen
sites along the (111)-type directions in the cubic struc-
ture. For each assumed muon stopping site, we calcu-
lated the net magnetic field for 104 randomly generated
cation configurations with the AF spin order imposed
and the sublattice magnetization within the (111) plane
(i.e., equivalent to the AF structure of NiO [8]). The
dipole sum included contributions from all spins within
10 A˚ of the stopping site, which was sufficient to ensure
reliable convergence. We assumed classical spin vectors
with magnitudes of 1 µB, 2 µB, and 3 µB for Cu
2+,
Ni2+, and Co2+, respectively (and zero spin for Mg2+
and Zn2+). We then combined the results of these cal-
culations for the 8 equivalent (111) directions.
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FIG. 3. (a) Early-time portion of the zero-field µSR asymmetry spectra for MgO-ESO at representative temperatures. The
solid black curves represent fits using a model described in the main text. (b) The Kubo-Toyabe relaxation rate ∆ (blue
symbols) as a function of temperature extracted from the fits. The orange curve is a power law fit. (c) Simulated probability
distribution of the magnetic field magnitude at a possible muon stopping site (blue curve), compared to the field distribution
for a collection of completely randomly oriented spins corresponding to a KT distribution with ∆ = 210 µs−1 (orange curve).
This procedure yielded the distribution of magnetic
field magnitudes shown by the blue curve and gray
shaded area in Fig. 3(c). Due to the intrinsic random-
ness on the cationic sites, the field distribution is broad
and qualitatively similar to that from a completely ran-
dom spin configuration, despite the well-defined long-
range AF order. The orange curve in Fig. 3(c) is the
equivalent curve for a completely random magnetic field
distribution with a component-wise standard deviation
of 0.25 T. Such a distribution would give rise to an ideal
KT relaxation function with ∆ = 210 µs−1, which agrees
with the experimental results extrapolated to zero tem-
perature (∆ ∼ 120−150 µs−1) to within a factor of order
unity. Attempting to establish quantitative agreement is
a futile endeavor without more accurate knowledge of the
precise muon stopping site(s). However, the qualitative
similarity seen in Fig. 3(c) between the simulated field
distribution at a likely muon stopping site and a ran-
dom distribution corresponding to ideal KT relaxation
is sufficient to establish that the observed µSR spectra
need not be contradictory to the reported long-range AF
order.
To characterize the magnetic transition further, we
use the parameter ∆ in the KT function as an order
parameter, since it is related to the magnitude of the
static internal field. The temperature dependence of ∆
is displayed as blue circles in Fig. 3(b), revealing a fairly
continuous increase from zero as the temperature is low-
ered below ∼125 K. This is consistent with a continu-
ous AF transition in MgO-ESO, as has also been ob-
served in the binary oxides NiO and CoO [20–22]. The
orange curve represents a power law fit using the equa-
tion ∆(T ) = ∆0
(
TN−T
TN
)β
, resulting in TN = 129± 6 K
and β = 0.51±0.17. We stress once again that this best-
fit value of TN should not be considered to be the “true”
Ne´el temperature, since in actuality there is a distribu-
tion of Ne´el temperatures. We also acknowledge that
the value of the critical exponent β has a large uncer-
tainty due to a limited number of data points and the
complications associated with the broad distribution of
ordering temperatures. Nevertheless, these values may
be useful for comparison with other techniques.
To supplement the ZF µSR results, we also performed
longitudinal-field (LF) measurements, in which a mag-
netic field was applied to the sample parallel to the initial
muon spin polarization direction. Asymmetry spectra
collected in a longitudinal field of 0.3 T at representative
temperatures are displayed in Fig. 4(a). As with the ZF
spectra, the spectra can be well described by a stretched
exponential function of the form a(t) = a0 exp(−λt)β .
The fits are shown as the black curves overlaid on the
data in Fig. 4(a). The extracted values of λ and β are
plotted as a function of temperature in Fig. 4(b) us-
ing blue circles (left axis) and smaller gray circles (right
axis), respectively. Both parameters show a very similar
temperature dependence to that of the ZF data. In par-
ticular, the LF relaxation rate also exhibits a dramatic
peak centered around 120 K, confirming the presence of
critical dynamics near the transition.
In a system with a single relaxation channel and spin
fluctuation rate ν in the paramagnetic phase, the ZF or
LF relaxation rate λ can be related to ν according to the
formula [11]
λ =
2∆2ν
ν2 + ω2L
, (3)
where ∆ = γµBi is the product of the rms internal mag-
netic field Bi and the muon’s gyromagnetic ratio, and
ωL = γµBL is the Larmor frequency of the muon spin in
the longitudinally applied field BL. Inverting this equa-
tion to solve for ν yields
ν =
∆2 +
√
∆4 − λ2ω2L
λ
. (4)
This allows the calculation of ν from the experimentally
determined values of ∆, λ, and ωL. In the present case, a
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FIG. 4. (a) Asymmetry spectra in longitudinal field (LF)
of 0.3 T shown for representative temperatures. The solid
black curves are fits using the model a(t) = a0 exp(−λt)β .
(b) Temperature dependence of the relaxation rate λ (blue
circles, left axis) and exponential power β (gray circles, right
axis) determined from the fits. (c) Estimated spin fluctuation
rate ν determined from λ as described in the text.
simple exponential function is not sufficient to describe
the observed relaxation spectra in ZF or LF, meaning
that the assumption of a single relaxation channel and
spin fluctuation rate does not strictly hold and this for-
mula for ν is not rigorously correct. Nevertheless, we
can use this formula to provide a reasonable estimate of
ν as a function of temperature. Because some of the ZF
relaxation arises from weak nuclear dipolar fields of the
atoms, we consider the LF relaxation rates to be more re-
liable for estimating ν. As has been done elsewhere [13],
∆ can be estimated from the low-temperature ZF data,
leading to a value of 100 ± 10 µs−1 in the present case.
The value of ωL is set by the external field of 0.3 T.
Fig. 4(c) shows the resulting estimated values of ν deter-
mined according to Eq. 4 using the LF relaxation rates
on the high-temperature side of the peak in Fig. 4(b).
The rapid decrease of ν between 140 K and 120 K re-
flects the critical slowing down of the spin fluctuations as
the transition is approached. We note that ν calculated
from the ZF data (not shown) agrees qualitatively with
the LF results at all temperatures and quantitatively be-
tween 120 and 130 K, where any effects of the nuclear
dipolar fields are completely masked by the effects of the
electronic spins.
Inelastic Neutron Scattering and Thermodynamic
Properties
We now provide additional analysis of the inelastic
neutron scattering (INS) and thermodynamic data re-
ported in our earlier work [6], in the context of the broad
transition established by the µSR results. The specific
heat reported in Ref. 6 does not display a prominent
feature indicative of any long-range magnetic transition,
which seems somewhat puzzling. We can examine this
further by estimating the specific heat jump expected
at TN using the experimental magnetic DC- and AC-
susceptibilities [6] and the method in Ref. 23. This es-
timate indicates that we should observe a decrease of
∼1.25 J/mol/K stretched over ∼20 K across TN. Such a
change is not visible in the specific heat data of Ref. 6.
However, a better assessment of the magnetic specific
heat, CM , can be obtained by subtracting the phonon
contribution to the specific heat from the experimental
data. To determine the phonon contribution, we make
use of the INS data reported in Ref. 6 using the ARCS
time-of-flight spectrometer [24] at the Spallation Neu-
tron Source (SNS) of Oak Ridge National Laboratory.
Measurements were performed at 100 K and 300 K us-
ing 140-meV incident energy neutrons. In order to ob-
tain a good average over the Brillouin zone and to avoid
magnetic scattering at low momentum transfer, Q, the
spectrum was integrated from Q = 6 A˚−1 to 15 A˚−1 and
corrected for multiphonon scattering, elastic scattering,
and thermal occupation using a procedure described else-
where [25].
Fig. 5(a) shows the resulting neutron weighted phonon
density of states (DOS). The initially determined phonon
DOS is neutron weighted because inelastic scattering in-
tensities depend on the atomic cross sections divided by
atomic masses. For this reason, the average scattering
intensity from the O site is about 1.75 times larger than
the average scattering from the Mg-site (average of Mg,
Co, Ni, Cu, and Zn atoms). This can only be corrected
with a calculation to determine the atomic partial contri-
butions to the phonon DOS. Fig. 5(b) shows a calculated
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total phonon DOS with the breakdown for the Mg-site
and O-site contributions. This calculation is based on
DFT-calculated forces from MgO [26], but with the Mg
mass changed to reflect the average Mg-site mass for
MgO-ESO. The calculation shows that the partial con-
tributions are well split between the low-energy modes
being dominated by the Mg-site atoms and the higher-
energy modes being dominated by the O atoms. Ac-
counting for the weighted contributions, we have cor-
rected the neutron weighted phonon DOS, shown as the
corrected curve in Fig. 5(a), which tends to distribute
more density to lower energies. The corrected phonon
DOS was then used to calculate the constant volume
phonon contribution to the heat capacity (per atom) us-
ing,
CV,phonon(T ) = 3kB
∫ ∞
0
g(ω)
(
~ω
kBT
)2
e~ω/kBT
e~ω/kBT − 1dω,
(5)
where g(ω) is the corrected phonon DOS. Fig. 5(c)
shows a comparison of this calculated phonon contribu-
tion and the measured heat capacity at constant pres-
sure, CP . A small additional correction for thermal ex-
pansion was added using the thermodynamic identity
CP − CV = 9Bvα2T , where v is the specific volume,
α is the linear thermal expansion coefficient determined
from the temperature dependence of the measured lat-
tice parameter [6], and B ∼ 185 GPa is the bulk modulus
obtained by density functional theory calculations [27].
After performing these calculations, the magnetic con-
tribution to the specific heat, obtained as CM = CP −
CV,phonon9Bvα
2T , is found to display a broad peak
across the transition centered around ∼120 K, as shown
in Fig.5(d). The features of this peak are in good agree-
ment with the gradual transition obtained from the µSR
data, but still smaller (by a factor of 4-5) than expected
from the estimation based on the magnetic suscepti-
bility. The failure of the simple model by Fisher [23]
likely originates from the very broad transition and the
presence of three different spin values for Co, Ni, and
Cu. In addition, the magnetic entropy release obtained
from integrating CM/T between 72 K and 196 K is
0.156 J (mol K)−1, significantly less than the maximum
value that would be expected for full ordering of this
system. The temperature range for integration was se-
lected because it spans the broad hump in CM associated
with the transition. The discrepancy is likely due to the
ordered moment never reaching full saturation and/or
additional undetected entropy release at higher temper-
ature [6]. A more complete understanding of the ther-
modynamics will require future detailed modeling of the
spin-waves in these entropy-stabilized oxides.
The high-resolution INS data collected on HYSPEC
provide additional information about the spin dynamics
in MgO-ESO below the ordering temperature. Fig. 6(a)
displays several INS spectra collected at representa-
tive temperatures, obtained through integration over the
range 1.1 < Q < 1.4 A˚−1. This Q range was selected be-
cause it includes the first antiferromagnetic Bragg peak
centered around 1.27 A˚−1 [6]. A magnon gap of approx-
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FIG. 6. (a) Inelastic neutron scattering (INS) spectra for
MgO-ESO at representative temperatures obtained from in-
tegrating over the Q-range 1.1 < Q < 1.4 A˚−1. The solid
curves represent fits described in the main text. (b) Normal-
ized weights of the magnon and quasielastic neutron scatter-
ing (QENS) components of the fits to the INS spectra as a
function of temperature. See main text for additional details.
imately 7 meV is observed in the data collected between
5 and 30 K, as seen by the suppression of scattered in-
tensity above the elastic bandwidth of ∼1 meV. With in-
creasing temperature, the intensity at low energy trans-
fers increases, indicating that the magnon gap is grad-
ually covered by quasielastic spin relaxation scattering.
To analyze the data, we have fitted the signal at 30 K
with a phenomonological Gaussian magnon contribution
(energy of 4.5 meV; FWHM of 17 meV) and the elas-
tic scattering resolution function. Then, for all subse-
quent data at higher temperature, we added a Lorentzian
quasielastic scattering (QENS) signal and varied only the
relative weight of magnon and QENS signals, taking into
account the thermal population and detailed balance [28]
at each specific temperature. In initial fits, the QENS
signal indicated an essentially constant Lorentzian width
of ∼3.5 meV, which we subsequently fixed for the final
series of fits, displayed in Fig. 6(a). We observe a grad-
ual increase in the QENS intensity at the expense of
the magnon scattering upon heating until TN is reached,
as seen in Fig. 6(b). Above TN, both the QENS and
magnon scattering decrease with increasing temperature,
presumably because the signal moves out of the available
energy window of ±11 meV. The observed QENS width
of 3.5(5) meV FWHM indicates that the magnetic exci-
tations have a lifetime of approximately 190(30) fs.
The temperature independence of the QENS width
is unexpected and suggests some sort of intrinsic fluc-
tuation time scale, in analogy to the Kondo problem.
Here however, as the material is an insulator, the scat-
tering rate cannot result from the hybridization of local-
ized electrons with the conduction band. These intrinsic
fluctuations are instead likely to be related to the mag-
netic site disorder. Further investigation of their origin is
beyond the scope of this study. The gradual suppression
of spin excitations as the temperature is lowered is qual-
itatively consistent with the gradual decrease in the µSR
relaxation rate λ observed in Fig. 1(b) and Fig. 4(b), al-
though we note that µSR and INS probe spin excitations
on different energy and time scales.
DISCUSSION AND CONCLUSION
The results reported here provide several new insights
into the nature of the AF state in MgO-ESO. First, the
µSR measurements demonstrate unambiguously that the
magnetic order extends through the entire sample vol-
ume, excluding the possibility of any large regions that
remain magnetically disordered at low temperature. Sec-
ond, we have shown that the AF state develops gradually
throughout the sample volume between 100 and 140 K,
with the evolution of the ordered volume fraction be-
ing well described by a Gaussian distribution of ordering
temperatures centered at 121.5 ±0.5 K with a standard
deviation of 7.0 ± 0.7 K. This is consistent with the
broad peak in CM revealed by analysis of the specific
heat using the INS data. Third, the temperature depen-
dence of the ZF and LF µSR relaxation rates exhibits
a prominent peak around 120 K due to critical spin dy-
namics in the vicinity of the transition, and the static
internal field at the muon site grows continuously from 0
as the transition is traversed. Finally, excitations in the
ordered state are frozen out at low temperature due to
the formation of a magnon gap of ∼7 meV.
These findings help address many of the open ques-
tions left after the first studies of MgO-ESO [5, 6]. The
discrepancy between the onset of magnetic Bragg peak
intensity at 140 K, the peak in the magnetic susceptibil-
9ity at 113 K, and the lack of any apparent signature of
the transition in the specific heat as reported originally
in Ref. 6 can be explained naturally by the gradual de-
velopment of AF order in the sample between 100 and
140 K. As soon as the first regions of the sample or-
der around 140 K, magnetic Bragg peak intensity will
appear in the neutron diffraction pattern. Around that
same temperature, the reciprocal magnetic susceptibil-
ity starts to deviate from the high temperature linear
temperature dependence [6], consistent with the devel-
opment of AF order in a partial volume fraction. A peak
in the temperature-dependent magnetic susceptibility is
observed once a large enough fraction of the sample has
ordered (and therefore has vanishing magnetization for
an AF system), explaining the presence of the suscep-
tibility peak at the lower temperature of 113 K. The
entropy release from the AF transition is significantly
broadened due to the large temperature width of the
transition and the presence of strong fluctuations, so the
lack of an obvious signature in the specific heat data
shown in Ref. 6 is not particularly surprising. Only af-
ter carefully isolating the magnetic contribution to the
specific heat, as accomplished in the present work, does
a broad feature in the vicinity of the transition appear.
Regarding the reduction of the ordered moment from
the average value of 2 µB expected for fully ordered
Cu2+, Ni2+, and Co2+ moments to the observed value of
1.4 µB, explanations offered previously [6] include poorly
connected magnetic moments that do not order, residual
magnetic fluctuations, covalency with oxygen atoms, or
some other influence of the chemical disorder. From the
µSR data presented here, the first two scenarios can be
ruled out, since we observe no significant regions that re-
main disordered below 100 K, and the ZF and LF spectra
at base temperature show no relaxation, indicating that
no significant fluctuations are present at such low tem-
peratures. This is consistent with non-relaxing spectra
at low temperature in NiO and CoO [20]. Therefore, co-
valency with the oxygen atoms or some other effect of the
chemical disorder are the most likely explanation for the
reduced moment. However, it is still unclear whether the
broad AF transition originates in covalency with oxygen
or chemical disorder rather than more simply the dilu-
tion of the spins and disorder in their magnitude. De-
tailed calculations of how the percolation of the magnetic
order proceeds are required to settle this question.
Finally, the peaks in the ZF and LF relaxation rates
and the continuous growth of the static internal field
revealed by the µSR experiments provide the first clear
evidence that the character of the AF transition in MgO-
ESO is essentially continuous, albeit distributed over a
broad temperature interval. That the transition is con-
tinuous rather than first order in the presence of such
extreme disorder may seem somewhat surprising. How-
ever, disorder need not be detrimental to a continuous
phase transition; in fact, disorder can sometimes restore
a continuous transition that is otherwise hidden by a
first-order transition, as has been shown recently for the
helimagnet MnSi [16]. In the present case, the continu-
ous nature of the AF transition is similar to the continu-
ous AF transitions in CoO and NiO [20–22], but in con-
trast to the first-order transition in MnO [19]. In MnO,
the AF transition is strongly coupled to a structural dis-
tortion that occurs simultaneously with the magnetic
transition, causing the AF transition to become first or-
der [19]. On the other hand, the structural distortion in
NiO is much more weakly coupled to the AF transition
and occurs at a temperature below TN, preserving the
continuous nature of the AF transition in NiO [22, 29].
No such structural distortion has been observed at any
temperature in MgO-ESO, perhaps due to the difficulty
of establishing a coherent structural phase transition in
the presence of such extreme local disorder. In this sce-
nario, the lack of any structural phase transition may
also help preserve the continuous nature of the AF tran-
sition in MgO-ESO. Further experimental and theoret-
ical studies will be necessary to understand this issue
more fully.
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